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Introduction

12
Vegetation height is an important agronomic trait related with crop type and potential yield. The seasonal 
Methodology
72
For readability purposes, this section starts with a brief summary of the formulation of the PolInSAR 73 observables (complex coherences) and the model used to describe a scene with vegetation. Then, the 74 inversion algorithm proposed in this paper is detailed. 
Formulation and direct model 76
TanDEM-X provides pairs of dual-pol images, in which the polarisation channels are chosen by the user.
77
In our case the two co-polarised channels were employed, i.e. HH and VV. Consequently, each image can 
where S i PP corresponds to the complex scattering amplitude of the i-th image (i = 1, 2) at the PP channel,
80
with PP = HH or VV, and the T superscript denotes transposition. We have expressed the scattering vectors 81 in the Pauli basis as it is usually done in PolInSAR (Cloude and Papathanassiou, 1998) . 82 purpose, unitary complex vectors w are employed to select certain polarisation combination, yielding:
84
S 1 ( w) = w * T · k 1 , and S 2 ( w) = w * T · k 2 .
The interferometric combination of both scalars results in the following expression for the complex 
where
[
are the matrices containing polarimetric information ( expression κ Z is the interferometric vertical wavenumber, which depends on the spatial baseline and the 89 incidence angle.
90
The region on the unit circle defined by the position of the interferometric coherences for all possible 91 w is called the coherence region (grey ellipse in Fig. 1 ) (Flynn et al., 2002) and is exploited to understand 92 the polarimetric interferometric signature of the observed scene. This region serves to quantify the range of 93 variation of the coherence, both in absolute value and phase, as a function of polarisation, hence providing 94 a measure of the sensitivity of the PolInSAR data to the scene properties.
95
The measured coherences depend on a number of properties of the sensor and the scene. In order to 96 interpret this dependence and to isolate the terms related to the scene parameters to be retrieved, coherence 97 can be expressed as a product of decorrelation terms, with absolute values bounded between 0 and 1, as 98 follows:
where the total coherence γ and the last termγ are complex numbers, and the rest of decorrelation terms are 100 real numbers. All these terms are described next:
101
• γ temp is the temporal decorrelation due to changes in the scene occurred during the acquisition times 102 of both images. In a bistatic single-pass interferometer this term does not affect, i.e. γ temp = 1. • γ geom is the decorrelation due to the spatial baseline, also named as geometric decorrelation, which 104 causes a wavenumber shift, i.e. a change in the band occupied by the range coordinate spectrum of 105 both images (Gatelli et al., 1994) . This term can be cancelled by filtering the master and slave images 106 to the common frequency band, as it has been done in this work (see Section 3 for processing details).
107
• γ proc includes any decorrelation due to the signal processing steps, in which the most important is 108 usually the one due to errors in the coregistration of the images. In our case we consider it is negligible 109 (i.e. γ proc = 1) thanks to the high accuracy of the TanDEM-X products provided in CoSSC format.
110
• γ SNR denotes the decorrelation due to thermal noise in the sensor, which depends on the signal-to-111 noise ratio (SNR) at each pixel. We will discuss it in Section 2.2, since it is quite significant for 112 TanDEM-X and this type of scene.
113
• γ BQ is the loss of coherence due to the quantisation of the data with less bits than in the original 114 raw data. Its effect is extensively discussed by Martone et al. (2015) . Attending to the 8:3 block 115 adaptive quantisation employed in the products (at both TanDEM-X and TerraSAR-X images) and 116 the type of scene observed (agricultural crops), the average value of decorrelation is around 3.5 %, i.e.
117
γ BQ ≈ 0.965. This decorrelation term will be compensated for by dividing the measured coherences 118 by this value.
119
•γ is the coherence due to the vertical distribution of scattering properties of the scene, usually named 120 as volume decorrelation γ vol because it is always present when a vegetation volume is in the scene.
121
Here we denote it with a tilde,γ, because it is the coherence that will be modelled according to the 122 scene features and, consequently, is the main term to be estimated from the measured data. This term 123 is explained next.
124
The estimation of vegetation height, and other biophysical parameters, by means of PolInSAR is carried 125 out by assuming a model of the vegetated scenes. The most widely used model considers the scene is formed 126 by two layers: a vegetation volume and a ground surface. The scattering from the ground is located at a 127 single point in the vertical coordinate z 0 , whereas the scattering from the volume is distributed according to 128 a scattering function f (z).
129
Starting from this assumption it is possible to express the coherencesγ that are obtained at different 
where φ 0 = κ Z z 0 is the interferometric phase corresponding to the ground surface; m D ( w) and m DB ( w) are 136 the ground-to-volume backscatter ratios corresponding to the direct D and double-bounce DB contributions,
137
respectively; and h v is the vegetation height (i.e. the depth of the vegetation volume). The first term in the 138 numerator,γ V , is the coherence that would produce the volume alone (without the presence of the ground),
139
which can be expressed as a function of f (z) as:
A note of caution is necessary for equation (8 
The scattering function f (z) that appears in (9) can be expressed in different ways according to height estimates for maize at C-band and for wheat at C-and X-band.
166
In the case of rice fields, the most common agronomic practice consists of keeping fields flooded during can be simplified by neglecting the direct contribution from the ground (m D ≈ 0), yielding:
With all these assumptions, the only dependence of coherence (11) on the polarimetric channels comes the double-bounce ground contribution) the algorithm has been adapted, and all details are described here.
183
The proposed algorithm is sketched in Fig. 2 . The main steps are: σ and ground-to-volume ratios.
189
The first step consists of a line fit to the coherences, which can be carried out in several ways (Cloude, 190 2009). The original approach published in the literature consists of obtaining a set of coherences by using 
204
Once this pair of coherences is selected, the effect of signal-to-noise ratio (SNR) has to be compensated. 
220
For each one of the copolar channels, the SNR can be calculated by using the corresponding NESZ value 221 and the backscattering coefficient σ 0 , i.e.,
where subscript PP denotes the channel (HH or VV), and superscript i = 1, 2 denotes the image (master 
225
For illustration purposes, Figure 3 shows the evolution of the measured coherence (after range spectral 226 filtering) and the SNR decorrelation, γ SNR , for the two copolar channels, acquired over a rice parcel in and 6 m) so the system did not provide sensitivity to the volume decorrelationγ.
234
The effect of SNR is compensated by dividing the coherences (at this point the coherences with extreme 235 ground contributions, γ(κ Z , w max ) and γ(κ Z , w min )) by γ SNR . Therefore, the SNR decorrelation has to be 236 obtained for the specific polarimetric combinations w max and w min , so we need to compute the NESZ at 237 these specific channels. This can be done by using the following matrix that corresponds to NESZ at the 238 linear channels, which is diagonal by definition: 
From [N P i ] the noise power at a particular polarisation w combination is obtained as:
and the backscattering coefficient (degraded by additive noise) is obtained as usual:
Finally the SNR at each image results in:
and the SNR decorrelation is:
carried out again as a division by the theoretical γ BQ .
248
Once all these corrections have been applied, we consider the volume termγ to be the only feature so the expression to be inverted is (11), and all polarimetric channels present some contribution from the 254 ground (i.e. m DB 0 for all w).
255
The estimation is based on the minimisation of the distance between the measured coherences γ and the 256 modelled onesγ:
Since there are 5 model parameters (unknowns) and only 4 real observables (two complex coherences),
258
we face an underdetermined system to solve. Fortunately, the ground phase φ 0 can be obtained by applying 
261
The phase φ 0 corresponding to the ground topography is usually obtained by the intersection of the 262 line defined by the two coherences, γ(κ Z , w max ) and γ(κ Z , w min ), and the unit circumference, moving from 263 γ(κ Z , w min ) to γ(κ Z , w max ) (see Figure 1) . However, the extra decorrelation term γ DB = sin k z h v /k z h v in the 264 numerator of (11) makes the coherence of pure ground contribution (m DB → ∞) not to be equal to 1 (i.e. it 265 would lie on the unit circumference) but to be equal to γ DB , so we have to find the crossing of the line with 266 the circumference of radius equal to γ DB . The main consequence for the inversion is that the topographic 267 phase is shifted with respect to the point at which the line crosses the unit circumference, as it can be 268 observed in Figure 4 (see Ballester-Berman and Lopez-Sanchez (2011) for more details).
269
Since γ DB depends on the vegetation height h v , which is one of the unknowns, the topographic phase 270 cannot be estimated directly from any intersection between line and circumference, so an iterative numerical 271 procedure is adopted. As initial guess we consider an average value for the vegetation height (e.g. h v = 1 m).
272
With that value we obtain the corresponding γ DB and find the intersection of the line with the circumference related to all system and data processing aspects, including the effect of baseline and incidence angle on 290 the sensitivity of this technique to the scene properties, but also the presence of speckle, the estimation of 291 coherences using multi-looking, the compensation of SNR and BQ decorrelation, etc. Finally, the third 292 error source is the numerical inversion itself (i.e. the algorithm depicted inside the dashed box in Fig. 2) . In 293 this subsection we provide a numerical assessment of this last aspect. Regarding the other error sources, we 294 will discuss them further in Section 4.
295
In single-baseline PolInSAR it is well known that the retrieval of the RVoG parameters does not provide 
301
In order to assess the feasibility of the proposed numerical inversion (dashed box in Fig. 2) , with focus to-volume ratios (m DBmin , m DBmax ) randomly generated (using a uniform distribution), in the following 307 ranges: 1 to 7 dB/m for extinction, and -10 to 10 dB for the ground-to-volume ratios. The topographic phase 308 φ 0 was fixed to 20 degrees, and also incidence angle and κ Z remained constant (25 degrees and 2 rad/m, 309 respectively). Then, the model was inverted many times for each scene by employing different sets of initial 310 guesses. In this experiment we applied the inversion 500 times for each scene, and the initial guesses were 311 also generated randomly within the following intervals: 0 to 2 m for height, 0 to 10 dB/m for extinction,
312
and -10 to 10 dB for the ground-to-volume ratios. Finally, the heights retrieved (250.000 in total) for each 313 simulated height were analysed. 
329
General rice species in this area is Oryza sativa L.. The specific variety cultivated in the monitored fields 330 corresponds to a long grain type named puntal, quite common in Spain and other similar temperate regions.
331
In this specific location, sowing is carried out by spreading seeds randomly from an airplane over the four specific parcels, spread over the whole site (Figure 6a) 
Valencia, Spain
354
The second study area used in this paper is located in selected farms within the rice district of Sueca 
365
Field campaigns were conducted weekly including the acquisitions of leaf area index (LAI) and 366 phenology according to the BBCH scale within 16 Senia and 5 Bomba parcels (see Figure 6b) .
367
Above-water rice heights were taken from previous years by considering the same phenological stage and 368 interpolating for the acquisition dates.
369
This test site has been employed for research purposes in the field of remote sensing, appearing in the 
E). Ipsala site is one of the major rice producing areas in Turkey,
374
providing more than 35% of the total rice production.
375
The main rice species present are long-grain Oryza sativa L. types: Baldo and Rocca. Recently, the 
426
Once the previous steps are carried out we formed the covariance/coherency matrices defined in (4-6) 427 using a 21x21 boxcar speckle filter for multilooking. At this point we translated the polygons defining the 428 
Results
440
In order to properly illustrate the methodology and the working principle of PolInSAR for rice height much stronger (-7 dB at both linear channels) and can be interpreted as a direct surface contribution, since 450 HH+VV is very close to the total span and much higher than HH-VV (i.e. HH and VV are in phase). Taking 451 into account the steep incidence angle (23 degrees) and the condition of the plants at this date (first stalks 452 and tillers around 20 cm tall), it seems that the scattering corresponds to the one from a very rough surface, 453 i.e. the ensemble of short plants and flooded ground act like a (very conducting) rough surface from the 454 viewpoint of the radar. In addition, some water roughness is expected due to the presence of wind, which 455 also contributes in the same way. This type of scattering mechanism produces a very localised radar response 456 at ground level, hence the high coherence, but it also entails that all interferometric phases correspond to the 457 same point along the vertical coordinate. This can be observed in the region of coherences, since it is very 458 small and is close to the unit circumference. The lack of phase diversity at these early stages is the source 459 of wrong height estimates, as will be discussed later in the text.
460
From the third date onwards, the coherence at the HH channel decreases slowly, whereas the coherence 461 at the VV channel exhibits a more pronounced decreasing trend. This is the same behaviour illustrated in 462 Fig. 3 , and is due to the lower backscattered power at VV than at HH, widely studied in the literature (the 463 HH/VV ratio shows a peak, which is very characteristic of rice). In addition, as plants grow there start to 464 appear a difference between the interferometric phases of the two copolar channels, which also translates 465 into bigger coherence regions on the unit circle. These bigger coherence regions constitute a good sign for 466 the performance of PolInSAR, since the retrieval of height is based on a necessary diversity in coherences 467 and phases when observing the scene at different polarimetric channels.
468
Finally, it is important to clarify that the phases appearing in Fig. 7 , and hence the position of the 469 coherence region on the complex plane, can differ from date to date because no calibration with respect to 470 a reference phase has been applied. Nonetheless, this does not affect the subsequent height retrieval, as it 471 is mentioned in Section 2.2, since PolInSAR exploits only the relative phases between channels, not their 472 absolute phases. Regarding the phase difference between HH and VV, shown also in Fig. 7 , it is very small 473 but increases with the development of the plants (as commented in the previous paragraph), reaching its 474 maximum value, around 45 degrees, at the last date.
475
The following three figures, 8, 9 and 11, present the temporal evolution of the height estimates at the TanDEM-X. In the absence of sensitivity the retrieved heights are very noisy and strongly overestimated.
486
Regarding the values obtained in the last 4 or 5 dates, at some fields there exits slight over-or 487 underestimations, depending on field and date, but in general the correspondence is quite good. In addition, 
490
The results obtained at the Valencia test site (Fig. 9) are somehow similar to the Sevilla site, but in 491 this case there are only 6 acquisitions, so some intervals of the temporal evolution cannot be studied. For Senia rice type, only for the last two dates the estimates are close to the actual plant heights, whereas for 493 Bomba rice the last three dates produce good results. As in the Sevilla case, it is clear that the plants have to 494 exceed some height threshold for the technique to be applicable. In this case, the minimum required height 495 is between 40 and 60 cm, but it can not be defined better due to the lack of data in that interval. When 496 compared to Sevilla, the smaller baseline, and hence the lower vertical sensitivity, justifies the requirement 497 of a greater height threshold.
498
The results of the last three dates are shown for the individual fields in Fig. 9 .c and 9.d, for Senia around the ground-truth data.
506
For illustration purposes, Figure 10 shows an orthorectified image of the vegetation height estimates height, whereas more variability can be found among the Senia rice fields present in the test site.
511
Finally, Figure 11 shows the results for the five fields monitored in Ipsala, which are similar to the ones Table 4 ), so a worse performance was expected for the last date.
519
The justification of the resulting underestimation in Ipsala during the period with tall plants is not baseline, etc., following a procedure similar to that employed by Pichierri et al. (2016 Table 5 , being all of them well below the suggested optimum range. 
559
Conclusions
566
The work presented here constitutes the first complete demonstration of crop height retrieval based on
567
PolInSAR with satellite data. This technique has been tested with rice fields located in three different sites, proposed, which is especially adapted to scenes in which the main ground contribution is the double-bounce 571 between stalks and ground, as it happens in rice fields when the ground is flooded, and is suitable for data 572 acquired in single-transmit mode (also known as bistatic mode in the TanDEM-X mission).
573
The proposed methodology is useful to monitor the development of rice fields, since satisfactory results of the scenes and the system configuration, and assessing all theoretical and numerical aspects involved in 588 this approach. Finally, the same general approach has to be assessed with other agriculture landscapes, by 589 adapting the formulation and the inversion procedure to crops with non-flooded ground conditions.
590
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